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The restoration of architectural monuments constituted a common practice in the ancient Mediterranean world
and the use of artiﬁcial binders in repairing blocks is attested both by literary sources and archaeological evidence. However, the knowledge on the use of these ancient binders and their components is limited, due to the
shortness and indeﬁniteness of the ancient recipes and the diﬃculty of obtaining and analyzing samples from
blocks that have remained exposed to atmospheric agents and have undergone degradation.
The paper focuses on the exceptional context of Hierapolis of Phrygia (Denizli, Turkey), where many ancient
binders used in the restoration of Roman Imperial-era buildings (Sanctuary of Apollo, Theatre, North Agora and
Ploutonion) have been identiﬁed. Thanks to the good state of conservation of these materials, the paper oﬀers the
unique opportunity for studying the role of organic additives used in the ancient bonding mortars and understanding the technologies adopted in the architectural restoration. Several analytical methodologies (Pyrolosis
and Gas chromatography coupled with Mass Spectroscopy; X-ray diﬀractometry and Optical Microscopy) were
applied to identify the organic and inorganic components.
The mortars sampled in Hierapolis showed the presence of casein, animal glue, beeswax and Pinaceae resin, in
agreement with the survived ancient recipes on bonding mortars. However, the archaeometric data revealed the
use of complex mixtures, which are also attested by the literary sources. In particular, the use of calcite together
with various organic additives appeared to be a common practice. Criteria of selection and use of the diﬀerent
mixtures have been discussed.

1. Introduction
Functionality, static eﬃcacy and aesthetic qualities (utilitas, ﬁrmitas
and venustas according to Vitruvius perspectives) were essential components of the public architecture of the Roman city. To maintain these
architectural principles, public body and private donors were requested
to invest funds in the reconstructions and repairs of the buildings
forming the urban landscape. Although archaeological, epigraphical
and literary evidence points out the outstanding cases of complete reconstructions, the systematic observations of architectural materials
reveals the importance of individual and limited repairs, which occurred both during the original building process and the long life of
buildings over time. In these restoration activities, economic needs

recommended not to discard the defected or accidentally broken blocks
but induced to repair and reuse them after a careful restoration. Broken
blocks could be simply reattached using metal clamps and dowels;
otherwise the greater part of the block was conserved, while the damaged portion was mechanically removed, a special hollow was carved
out and a new replacement part (in Greek emblema - ἔμβλημα) was
inserted (Ismaelli, 2013).
In this process, to secure the joining of the pieces artiﬁcial adhesives
were used. With the term artiﬁcial, we mean a mixing of natural
compounds (organic and inorganic) realized to obtain a new material
dedicated to speciﬁc use. The components of these mixtures are still not
well known, for the following reasons. The diﬃculty of obtaining good
samples from blocks that have remained exposed to atmospheric agents
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presented in Table 1.
In general, the diﬃculty of determining the absolute chronology of
restoration interventions should be mentioned, as only some measures
can be attributed to the original building site, while others are certainly
related to activities occurred at a later time and only exceptionally they
are datable thanks to epigraphic or stratigraphic data.
Only the restorations related to samples 7AS, 8T, 6NA can be attributed to the original construction phase. Sample 7AS was taken from
a frieze pertaining to an unidentiﬁed monument, probably placed to the
south of the Apollo Sanctuary and datable to the late 2nd century
(Antonine age) on the base of its decoration. Along the upper edge, the
egg-and-darts motif has been partly cut to eliminate an accidental
fracture of the marble. A recess with a triangular section was created to
receive a replacement part, which was held in place only by a pinkish
binding mortar. Also to the original construction site can be attributed
sample 8T, which has been taken from the third order of the Theatre
scaenae frons. Its date can be ﬁxed at the late Severan age, under
Elagabalus or Alexander Severus (218–235 CE), when the building site
reached the top of the scene (Ismaelli et al., 2016; Ismaelli, 2017).
There must have been an imperfection in the marble, which was recognized during the carving of the mouldings. The wedged shape (from
3 to 2 cm) of the recess was considered to be insuﬃcient for the stability
of the replacement part and a binder was used to join the contact surfaces.
Also sample 6NA can belong to the original phase of the Stoa-basilica, the two-storey portico built on the northern public square of
Hierapolis in the second half of the 2nd century CE (HadrianicAntonine age) (Ismaelli and Scardozzi, 2016b). During the construction
phases, the monument underwent numerous restorations with the use
of clamps and dowels to repair fractures of the low-quality marble,
crossed by breaks or veins of travertine (Ismaelli and Bozza, 2016). In
this speciﬁc case, the pillar with two half-columns should have presented a horizontal ﬁssure, in the point where, during the ﬁnal collapse
of the building, the fracture of the block was produced: to keep the
lower and upper part connected, an anti-cracking Π-shaped clamp was
inserted (18 cm max. × 2.3 cm). To hide the view of the clamp, the
metal element was covered with a rather soft white mortar, which
seems to have more an aesthetic than a static function.
Certainly, samples 1AS, 2AS, 3AS, 4AS, taken from the Corinthian
portico built in the Flavian age (68–96 CE) on the upper terrace of the
Apollo Sanctuary can be traced back to restoration work that followed
the original construction (Ismaelli and Bozza, 2016; Ismaelli, 2016b).
The study of the monument revealed a large number of repairs, which
demonstrate a partial disassembly and reassembly of the columns,
probably occurred after a seismic event. Targeted repairs of capitals,
shafts, frieze-architraves and cornices were aimed at restoring the damaged mouldings, with the insertion of replacement parts. The date of
this extensive restoration is diﬃcult to determine: the accuracy of the
work and the attention to the restoration of the visual integrity of the
blocks suggest a chronology of the work in the 2nd or 3rd century CE at
the latest. Samples 2AS and 3AS come from the same column shaft. The
white and strong sample 2AS is part of a bonding mortar which ﬁxed a
small replacement edge between two ﬂutes. In the case of sample 3AS,
part of the shaft was cut, creating a wide and trapezoidal recess, worked
with a toothed chisel to facilitate the binder adhesion. Sample 4AS was
taken from a frieze-architrave, whose damaged lower edge had been
partially removed. The emblema was held in place thanks to its slightly
trapezoidal shape and the column capital below: further guarantees
were oﬀered by the hard mortar that is still preserved at the inner
corner of the recess. Finally, sample 1AS has been taken from a Corinthian capital, precisely from the very small cylindrical hollow drilled
in the upper part of an acanthus leaf. The top of the leaf that protruded
from the calathos should have been irreparably damaged: the leaf was
cut, a horizontal contact surface was chiselled and the new replacement
part was secured with a metal dowel. The use of bonding mortar should
have assured the endurance both of dowel and emblema.

played a great role, as well as the limited attention paid to this technological know-how by modern scholars and even by Greek and Roman
authors. In fact, selection, combination and manipulation of ingredients
were part of a tacit knowledge that was orally and visually transmitted
by masons over time in workshops and building sites, attracting little
attention from ancient architects and art-historians who described us
the Greek and Roman architectural practices.
To shed light on this topic a strongly integrated approach, combining archaeology, study of literary sources and archaeometry, was
applied. Such study was realized during the “Marmora Phrygiae
Project” (Ismaelli and Scardozzi, 2016a) dedicated to the reconstruction of Roman Imperial and Byzantine building sites of Hierapolis in
Phrygia, one of the greatest and most studied cities of western Asia
Minor, modern Turkey (Scardozzi, 2015). For the ancient inhabitants of
Hierapolis architectural restoration was unavoidable (Ismaelli, 2013).
In fact, the city lies in a highly seismic region, where the grabens of the
Meander and Gediz rivers meet and the settlement was struck by many
disastrous earthquakes. The geological context of the site, the well
preserved architectural heritage and the advanced state of the archaeological research on the city monuments yielded much information on
ancient restoration (Cantisani et al., 2016).
During the archaeological campaigns of 2014 and 2015, fragments
of ancient bonding mortars were sampled in the main monuments of
Hierapolis, such as the Sanctuary of Apollo, the North Agora, the
Theatre and Ploutonion. The nine samples presented in this paper constitute the complete set of ancient materials for restoration available in
Hierapolis and they represent the result of a painstaking analysis of its
monuments. In this framework, it should be noted that the limited
number of bonding mortars, in the face of the incredible number of
traces of restoration measures on the monuments, obviously depends on
the dynamics of deterioration of material and the numerous events
occurred to the artefacts, such as displacement, rework and destruction.
Moreover, the extreme environmental conditions of the site, due to the
gases and thermal waters from the seismic fault (Marabini and
Scardozzi, 2015; Vettori et al., 2016), greatly aﬀected the state of
conservation of the ancient artefacts. In this regard, it should be pointed
out that no residual bonding mortars have been preserved on monuments which, despite being subjected to repeated reconstruction, such
as the Gymnasium and the Marble Stoa (Ismaelli, 2016a), have remained immersed for centuries in a marshy environment.
The residues of bonding mortars were sampled from monuments
dating back to the 1st to the 3rd century CE, which display diﬀerent
architectural structure, building site features and post-construction
events. The case studies have been the object of a careful analysis: the
work procedure, the preparation of the contact surfaces, the connection
techniques between block and replacement part are carefully described.
At the same time the individual cases are discussed in relation to their
context, in order to connect the restorations measures to the building
history of the various monuments. The samples were then subjected to
multiple chemical-physical analyses, for the determination of organic
and inorganic components. The results are discussed in relation to the
architectural context, the function of the pieces and our knowledge on
the artiﬁcial glues for stones, which are described in important but little
known literary sources. This close integration of archaeological, archaeometric and textual approaches makes it possible to advance some
new reﬂections on the use of bonding mortars, the criteria for selecting
ingredients and their concrete methods of use.
2. Materials and methods
2.1. Materials
Fragments of bonding mortars, found on marble blocks belonging to
the Sanctuary of Apollo, the Theatre, the North Agora and the
Ploutonion, were sampled (Figs. 1–2 and Table 1). Dimensional details
on the sampled blocks and technical data on the connection system are
863
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Fig. 1. Hierapolis of Phrygia, general map with the indication of the sampled monuments.
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Fig. 2. Details of the blocks where fragments of ancient bonding mortars were sampled.

dismantling of the peristasis in the late-Severan age (220–235 CE).
Finally, it is diﬃcult to assign a chronology to sample 9P, taken
from a frieze-architrave found in the Ploutonion, the sanctuary of Hades
built above the seismic fault (D'Andria, 2013; D'Andria et al., 2016).
The short right side of the block had been restored, removing part of the
damaged face. The replacement part was held in place by gravity,
thanks to the capital originally positioned below, and the binder that is
still visible in the recess.

To a restoration occurred during the long building history of Temple
B we can assign sample 5AS, taken from a column drum of the Temple
dedicated to Apollo Archegetes (Ismaelli, 2016b; Ismaelli, 2017). The
temple, an Ionic building with 6 × 11 columns, had a troubled building
history: started in late Augustan time, the building site was completed
only at the beginning of the 2nd century CE because the construction
activities were interrupted by seismic events determining the partial
dismantling and reassembly of the peristasis. Sample 5AS was taken
from the upper face of a replacement part of a column drum. A greyish
bonding mortar is preserved on the ﬁnely worked surface, and it can be
generically assigned to the 1st-3rd centuries CE, before the partial
865
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After 68–96 CE

After 68–96 CE

After 68–96 CE
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218–235 CE
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Column drum

Column drum
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Replacement part of a column
drum
Pillar with attached halfcolumns
Frieze

Cornice
Frieze-architrave

Antonine unknown
building
Theatre
Ploutonion
7AS

3.1. Analysis of the inorganic component
Calcite, quartz and dolomite in lower amounts are present in the
analysed samples (Table 2). Regarding the petrographic characterization, the samples presented single crystals of calcite as aggregates,
which were very abundant and with a medium-coarse grain size (mean
value of 400–500 μm) in the 9P sample and quite low, and with a ﬁne
grain size (mean value of 100–200 μm) in the 4AS sample (Fig. 3). The
crushing of white marbles or calcite veins is attested for the production
of aggregate in the Roman plaster, since the crushed stone is able to
Table 2
Mineralogical composition of the bonding mortars (xxx = very abundant;
xx = abundant; x = present; tr = traces).

8T
9P

Stoa-basilica
6NA

5AS

4AS

3AS

Apollo Sanctuary,
Corinthian
Apollo Sanctuary,
Corinthian
Apollo Sanctuary,
Corinthian
Apollo Sanctuary,
Corinthian
Temple B
1AS

120–180 CE

Chronology
Block

3. Results

Monument

2AS

The inorganic components of the ancient bonding mortars were
investigated using X-ray diﬀractometry (XRD), to characterize the mineralogical composition, and Optical Microscopy (OM) in polarized
transmitted light for the petrographic characterization and in reﬂection
and UV mode to assess traces of organic substances and/or alteration
phase.
A X-ray diﬀractometer PANalytical X'PertPRO equipped with
X'Celerator multirevelatory and High Score data acquisition and interpretation software was employed. The following operative conditions
were applied: CuKα1 = 1.54 Å, current intensity of 30 mA, voltage
40 kV, explored 2Θ range between 3°–70°, step size 0.02°, time to step
50 s.
The petrographic investigation was carried out through observation
in transmitted light of thin sections (30 μm thickness) with an Optical
Microscopy (ZEISS Axioscope A1 microscope) equipped with a camera
(resolution 5 megapixels) and image analysis software (AxioVision) to
evaluate the microstructural parameters. The microscopic observation
of a thin section of a mortar gives information on binders, aggregates
and macroporosity (Pecchioni et al., 2014).
Cross polished sections of the same samples were examined under a
microscope with UV light in order to observe the ﬂuorescence intensity
of organic material accumulation in the mortars. An Epiﬂuorescence
Microscope, Nikon Eclipse E600, with an UV-2A ultraviolet ﬂuorescence ﬁlter was used. NIS Elements software was used to process the
images acquired by a digital video camera.
For the characterization of the organic materials we used an analytical method based on GC–MS for the combined analysis of the proteinaceous, lipid, waxy, and resinous materials in the same micro
sample (Bonaduce et al., 2009). A 6890N GC System Gas Chromatograph (Agilent Technologies, Palo Alto, CA, USA), coupled with a 5975
Mass Selective Detector (Agilent Technologies, Palo Alto, CA, USA)
single quadrupole mass spectrometer, equipped with a PTV injector was
used. A microwave oven model MLS-1200 MEGA Milestone (FKV,
Sorisole, Bergamo, Italy) was used for the acid hydrolysis of the proteinaceous material. Details of the operating conditions are reported in
literature (Bonaduce et al., 2009).
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Fig. 3. a) Sample 9P and b) sample 4AS in cross polarized light (XPL).

hypothesise that egg proteins are present in all sample but 2AS and 9P,
although it is not possible to determine whether egg white or egg yolk
were used, as their average amino acid composition is very similar and
cannot be distinguished by GC–MS analysis. Four of the samples containing egg, 3AS, 4AS, 5AS, 8T, also contained traces of animal glue,
based on the detection of hydroxyproline (Hyp) in their chromatographic proﬁles (Table 3). Samples 2AS and 9P appear to have a different composition, as shown by their position in the score plot at negative values of PC2 (Fig. 2). Sample 2AS is quite close to the cluster of
casein, while sample 9P appears between the clusters of casein and that
of animal glue. A closer examination of the amino acid proﬁles helps to
explain the behaviour of these samples: they both contain very high
relative amounts of proline (Pro), which is relatively high in milk
proteins and collagen. Hydroxyproline (Hyp) is absent though, and
glycine (Gly), which is the most abundant amino acid of collagen is
quite low. Milk proteins, on the other hand, contain relatively high
content of glutamic acid and glutamine (which result in glutamic acid
–Glu– after the sample pre-treatment). Sample 2AS contains about 12%
of Glu, but sample 9P only contains about 3%. On these basis we can
hypothesise that milk proteins are present in sample 2AS. The interpretation of the composition of sample 9P, based on the GC–MS data, is
not possible.
The analysis of this fraction evidenced the presence of lipids in all
samples. Samples 1AS and 2AS show the presence of monocarboxylic
acids (myristic, palmitic and stearic acids) as well as dicarboxylic acids
(suberic, azelaic and sebacic acids) below the limit of quantitation of
the procedure, but above the limit of detection. Samples 3AS, 4AS, 5AS,
6AS, 7AS, 9P showed the presence of signiﬁcant amounts of palmitoleic, linoleic and oleic acids as well as saturated monocarboxylic acids,
among which palmitic and stearic acids were the most abundant, and
small amounts of dicarboxylic acids (suberic, azelaic and sebacic acids).
The total amount of fatty acids was always above the quantitation limit
of the procedure (which is 3 μg, calculated as the total content of eight
fatty acids), varying between 1.2 and 12 μg in the samples. As an example, the chromatogram of sample 7AS is shown in Fig. 6.
Polyunsaturated fatty acids, typical of plant oils, normally degrade
very quickly thought autoxidative radical chain reactions, leading to
the formation of crosslinks or dicarboxylic acids (which are detected,
although they do not represent the most abundant peaks in the chromatograms). In these samples polyunsaturated fatty acids, although
they do not dominate the chromatograms, are very abundant. This data,
together with the presence of small amounts of dicarboxylic acids, indicates that the oil, although aged, is in extremely good conditions of
conservation. Moreover unsaturated fatty acids were present both in the
cis and trans conﬁgurations (Fig. 6), indicating that the plant oil was
heated up, possibly to induce the polymerisation reactions necessary to
transforming the oil into a gluing material. The presence of small
amounts of erucic and gondoic acids, as well as their products of oxidation, undecanedioic and dedecanedioic acids, leads to the

confer sparkling and hardness to the mixture (Bianchetti et al., 1990;
Weber et al., 2009).
UV ﬂuorescence images revealed the possible presence of an organic
material in the binder composition. A yellow/red ﬂuorescence was
observed. Fluorescence microscopy oﬀers, in fact, a speciﬁc and highlytargeted analytical tool for recognition and mapping of diﬀerent organic binders in complex matrix. Furthermore, when observing samples
with an UV excitation light, diﬀerent binders may exhibit characteristic
colours and ﬂuorescence intensities (Mills and White, 1979; Sandu
et al., 2012). However, the ﬂuorescence images indicate the possible
presence of organic material, but don't allow an unambiguous identiﬁcation (Magrini et al., 2013).
3.2. Analysis of the organic component
Samples were analysed with a GC–MS analytical procedure which is
based on a multi-step pre-treatment of the sample, involving extraction,
hydrolysis, puriﬁcation and derivatisation steps, with the aim of obtaining, from the same sample, two fractions: a lipid-resinous fraction
and an amino acid fraction (Bonaduce et al., 2009). From the quantitative analysis of the amino acid content of the sample it is possible to
identify the source of the proteinaceous material by comparison to a
database of reference samples (Bonaduce et al., 2009). The lipid-resinous fraction is analysed by evaluation of the chromatographic proﬁle, quantitative analysis of selected analyses, and molecular pattern
recognition (Colombini et al., 2010). It has to be stressed that, when
molecular markers or compounds of interest are not detected, we
cannot conclude that the material is not present, and we can only state
that if the material is present, this is below the limit of detection of the
procedure. The amino acid fraction and the lipid-resinous fractions are
discussed as follows.
All samples showed the presence of organic materials, in each
sample a mixture of organic materials was found, and often chromatograms showed very abundant peaks, indicating that organic materials
were relatively abundant in the analysed samples.
The quantitative analysis of the proteinaceous material revealed an
amount above the quantitation limit of the procedure (which is 0.3 μg,
calculated as the total content of eleven aminoacids) varying for all the
samples between 0.5 and 7.3 μg (Lluveras et al., 2010). As an example,
the chromatogram of sample 5AS is shown in Fig. 4 and the amino acid
relative percentage contents of all samples analysed is reported in
Table 3.
To identify the source of the proteinaceous materials, amino acid
proﬁles were subject to Principal Component Analysis together with a
database of reference materials containing egg, animal glue and milk
samples (Bonaduce et al., 2009). The resulting Score Plot is shown in
Fig. 5 and permitted the identiﬁcation of the proteinaceous source in
almost all the samples, highlighting its good state of conservation.
Given the position of the samples in the score plot (Fig. 5), we can
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Fig. 4. Chromatogram of the amino acid fraction in sample 5AS (ala: alanine, gly: glycine, val: valine, leu: leucine, ile: isoleucine, nor: norleucine (internal standard),
ser: serine, pro: proline, phe: phenilalanine, asp: aspartic acid, glu: glutammic acid, hyp: hydroxyproline).

several compounds which can be detected in the chromatograms of
aged samples, among which dehydroabietic and 7-oxo-dehydroabietic
acids are the most abundant. On the other hand, pimaranes are not
normally detected in the chromatograms of aged samples, probably
because they are involved in cross-linking reactions. Moreover, sesquiterpenoids, the volatile fraction characteristic of each plant resin,
were not detected. As a result, as for the plant oil discussed in the
previous paragraph, the conservation conditions of the resin are extremely good, surprising in consideration of the age of the artefact. The
extraordinary condition of conservation observed in these gluing materials is in agreement with a previous study on the glues of a late
Roman-Egyptian opus sectile of the 4th–5th century CE found in
Antinoopolis (Egypt) (Ribechini et al., 2009), in which the presence of
pine pitch, in some cases admixed with beeswax and Brassicaceae seed
oil was ascertained.
The general results of the analysis of the organic composition of the
samples are summarised in Table 4.
Summarizing, we found: plant oil and egg (6NA), plant oil, egg and
animal glue (3AS), plant oil, resin and egg (7AS), plant oil, beeswax,
egg, animal glue (5AS), beeswax, resin, egg and animal glue (8T), plant
oil, beeswax, resin, egg and animal glue (4AS), plant oil, beeswax, resin,
proteinaceous material (9P).
All organic ingredients can be combined with each other. Only in
1AS and 2AS samples the use of one organic ingredient, added to the
mortar, has been found. The use of a binder only egg-based is identiﬁed,
speciﬁcally in a context where reduced tenacity was required, as in

Table 3
Aminoacid relative percentage content of analysed samples.
ID sample

Ala

Gly

Val

Leu

Ile

Ser

Pro

Phe

Asp

Glu

Hyp

1AS
2AS
3AS
4AS
5AS
6NA
7AS
8T
9P

10.0
6.5
12.2
14.2
10.4
8.1
11.2
11.4
6.1

11.4
8.2
9.2
8.5
8.8
9.9
10.5
10.4
7.3

11.4
8.5
9.2
15.2
7.0
9.9
10.6
10.0
11.0

14.2
12.0
12.9
18.2
11.3
14.7
13.3
11.7
9.5

8.9
6.8
6.8
9.3
4.3
7.2
6.5
6.7
6.2

7.9
3.9
2.7
1.3
4.1
2.9
4.1
2.4
6.7

9.4
26.2
5.2
14.9
6.0
6.2
6.4
5.6
36.6

5.8
2.1
6.8
3.9
5.6
8.0
7.8
7.7
1.0

13.3
13.8
18.2
9.3
18.0
17.7
15.8
18.2
12.4

7.6
11.9
16.7
5.1
24.3
15.5
13.8
15.4
3.1

0.0
0.0
0.1
0.1
0.2
0.0
0.0
0.5
0.0

identiﬁcation of oil obtained from the seeds of a Brassicaceae plant family (Colombini et al., 2005; Ribechini et al., 2009).
Sample 8T, which does not show the presence of polyunsaturated
fatty acids, contains beeswax and a Pinaceae resin, as it can be ascertained from the evaluation of the chromatographic proﬁle, and the
recognition of the molecular markers of the resin. The chromatogram is
shown in Fig. 7. Traces of beeswax are also detected in the chromatograms of samples 4AS, 5AS and 9P, and traces of Pinaceae resin are also
detected in the chromatograms of samples 4AS and 7AS.
As far as Pinaceae resin is concerned, in addition to didehydroabietic
acid, dehydroabietic acid, 7-oxo-didehydroabietic acid, and 7-oxo-dehydroabietic acid, pimaric, sandaracopimaric, isopimaric and abietic
acids are also present. Abietanes oxidise, leading to the formation of

Fig. 5. Principal component analysis score plot.
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Fig. 6. Chromatogram relative to the lipid-resinous fraction of sample 7AS (1: lauric acid, 2: tridecanoic acid (internal standard), 3: azelaic acid, 4: myristic acid, 5–6:
palmitoleic acid cis and trans, 7: palmitic acid, 8: linoleic acid, 9–10: oleic acid cis e trans, 11: stearic acid, 12: tetracosanoic acid, 13: hydroxypalmitic acid).

Compositiones should be dated back to the Late Antiquity, even though it
was modiﬁed in the textual consecutio due to a disorderly transmission.
Moreover, the systematic analysis both of textual content and language
allows us to indubitably aﬃrm that the Compositones are well rooted in
the Hellenistic-Roman world: for instance, in the text many individual
terms and grammatical constructions come from the original Greek
version, as well as entire recipes appear to be transliterated from Greek
into Latin characters. In addition, the mentioned populations, coins and
weight units clearly do not correspond to the Latin Middle Age. Ultimately, the Compositiones represents the Latin translation (datable after
the middle of 4th century CE, see Baroni, 2016) of a lost Greek text that
originally displayed various thematic sections, of which almost twelve
survived, with about 160 recipes.
The chapter on glues in the Compositiones' text is the most ancient
sequence devoted to the welding and gluing technique passed down
from Antiquity to the Middle Ages. Ten recipes are preserved on the
topic, in an interesting hierarchical order: (I) Crysocollon in omnia; (II)
Alia crysocollon; (III) Item crysocollon; (IV) Argenti gluten; (V) Aliud
argenti gluten; (VI) Calcocollon confectio; (VII) Stagni gluten; (VIII)
Confectio lithocollon; (IX) Item alia confectio petrae gluten; (X) Ligni
autem gluten (trans.: (I) glue for gold for every use; (II) another recipe
of glue for gold; (III) another similar recipe; (IV) glue for silver; (V)
another glue for silver; (VI) preparation of a glue for copper; (VII) glue
for tin; (VII) preparation of a glue for stones; (IX) a second glue for
stone; (X) glue for wood.
First of all, we can note that the Greek term transliterated as
“collon” is independently employed in mixtures for welding and gluing.

sample 1AS, where the metal dowel performed the supporting function;
even a bonding mortar with only casein is documented in a ﬂuted replacement part (2AS). The presence of glycerolipids in traces can be
explained as a possible contamination or, in case of sample 1AS, as the
lipid component of the proteinaceous material.
3.3. The analyses of ancient texts
To compare the results of the described analyses and the heritage of
the technical literature from the Late Antique world, we can rely on a
relevant text that transferred the Hellenistic know-how to the Latin
West. This text is conventionally known as Compositiones, because of the
name arbitrarily assigned by Antonio Ludovico Muratori in 1739
(Muratori, 1739) to a fragmentary manuscript preserved in the Biblioteca Capitolare di Lucca (manuscript 490). The Compositiones
manuscript contains recipes on a broad variety of techniques and an
entire section is speciﬁcally devoted to the preparation of glues (glutina)
for metallic and not metallic artefacts.
Even if it has been believed a Medieval text until recently (e.g.
Burns, 2017), it can be considered the literary source temporally closest
to the Hierapolis's ancient restoration measures. In fact, according to
the recent philological reconstruction of the original content (Baroni,
2013; Baroni et al., 2013; Baroni, 2016; Baroni and Travaglio, 2016;
Baroni et al., in press), Compositiones is not an accidental collection of
Medieval recipes, but rather a coherent and organised work, made up
by an ancient author, with a homogeneous language and frequent crossreferences within the text. For this reason, the primary text of

Fig. 7. Chromatogram relative to the lipid-resinous
fraction of sample 8T (1: tridecanoic acid (internal
standard), 2: azelaic acid, 3: myristic acid, 4: palmitic acid, 5: 15-hydroxypalmitic acid, 6: didehydroabietic acid, 7: dehydroabietic acid, 8: 7-oxo-didehydroabietic acid, 9: tetracosanoic acid, 10-11-1213-14: alcohols (C24–C36)).
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Table 4
Summary of the results of the analysis relative to the lipid-resinous fraction.
ID sample

Monument

1AS
2AS
3AS
4AS
5AS
6NA
7AS
8T
9P

Corinthian portico
Corinthian portico
Corinthian portico
Corinthian portico
Temple B
Stoa-basilica
Antonine building
Theatre
Ploutonion

Plant oil

Glicerolipids

Beeswax

Pinaceae resin

Traces
Traces
X
X
X
X
X
X

Egg

Animal glue

Casein

X
X
Traces
Traces

X
Traces

Traces

Traces
X

X
X
X
X
X
X
Unidentiﬁed proteinaceous material present

X
X
X

X

A ﬁrst important result of the study was the archaeometric evidence
of the simultaneous use of diﬀerent compositions in the same monument, such as in the case of the Corinthian Portico of the Apollo
Sanctuary. The hypothesis that samples 1AS, 2AS, 3AS, 4AS could be
assigned to a single restoration phase is supported by a careful evaluation of the various types of restoration measures undertaken and
their quality of execution. In this hypothesis, we should admit that it
was not the material to be glued, in this case the same medium-large
grained marble, the criterion followed by the ancient craftsmen in the
choice of the bonding mixture. In particular, the adoption of a speciﬁc
composition could be inﬂuenced by various factors, such as the size,
position and ﬁxing technique of the replacement part. Thus, the position of the emblema and the ﬁxing technique being the same, the determining role of the size of the replacement part is suggested by
samples 2AS and 3AS: the smaller emblema is joined with a glue made of
pure casein (2AS), while the larger one is ensured by a bonding mortar
with egg, animal glue and plant oil (3AS).
As for the position, it is necessary to distinguish the replacement
parts in a gravity assisted position (emblemata supported by the block
itself or by an underlying element) or in a gravity defying condition, in
which the emblemata are suspended. Furthermore, the additional presence of dowels and clamps or the use of hollows with specially shaped
proﬁle must be taken into account. For example, noteworthy are the
diﬀerent conditions of the replaced top of leaf in the Corinthian capital
(1AS), that was in a gravity assisted position but was even held in place
by a small dowel and a mixture with egg alone, and the small replacement part suspended from the crowning of the Antonine frieze,
where pine resin, egg and plant oil were used (7AS).
It is important to underline that dimensions, position of the emblema
and the ﬁxing technique were not the unique criteria for the choice of
additives in the mixture: the same recipe is used, for example, for the
large size replacement part 4AS and for the small wedge-shaped emblema (8T), that probably did not need any mortar, because of its
wedged shape. This simple example demonstrates our diﬃculties in
penetrating the logic followed by the ancient artisans. Moreover, the
entire organization of the building site, in terms of temporary sequences, involved professional ﬁgures and circulation of materials, is
beyond our reconstruction: for instance, it is likely that the availability
of mixtures already prepared for speciﬁc interventions could favour
their use also for other repairs in which looser adhesives could have
been considered suﬃcient. The environmental conditions (i.e. humidity, exposure to sun and rain, temperature), related to the working
season, could have also inﬂuenced the choice of the materials, in relation to their physico-chemical behaviours in heating, coating and
solidiﬁcation process.
More generally, it is clear that the rationality that guides the craft
gesture could not meet the eﬃciency criteria established according to
the modern production system, in terms of endurance, duration of the
treatment, relationship between results and time/cost of preparation.
Even a diﬀerent assessment of plant and mineral raw materials in terms
of their properties, mutual idiosyncrasies and prestige could have
played a signiﬁcant role.

Secondly, in addition to the position of individual recipes in the hierarchy, the most relevant and precious materials received more prescriptions that the poorest and simplest materials, which were described in only one recipe. For the comparison between the ancient
recipes and the results obtained from the analytical investigation on the
Hierapolis' gluing mortars, the texts from recipes VIII and IX are of great
interest:
(VIII) Confectio lithocollon Marmoris albi aridum pulverem sume et
tolles hicthyocollon unciam I, taurocollon unciam I et mitte cum aqua
commixta et coque. Dum bullieris mitte pulverem marmoris et facis gluten
marmoris: lithocolla (Preparation for the glue for stone materials: take
dry powder of white marble and 1 oz of ﬁsh glue, 1 oz of bull's-hide
glue, mix the latters with water and heat the mixture. Once boiling, add
the marble powder and you obtain the glue for marble: lithocolla).
V (f. 80r,6); S (f.18r,1); L (f.227r,6); ACVs: (f.213r,19)
(IX) Item alia: petrae gluten
Icthyocollon uncias II, casei gluten uncias II et mitte ex ipso pulvere
marmoris sicut superius (A second similar recipe: take 2 oz of ﬁsh glue,
2 oz of cheese glue, and mix with them the same marble powder as
already described).
V (f. 80r, sup.1); S (f.18r,4); L (f.227r,8); ACVs: (f.213r,22)
(from: S: Sélestat, Bibliothèque Humaniste, 17; V: Vatican City,
BAV, Reg. Lat. 2079; L: Lucca, Biblioteca Capitolare, 490; ACV:
“Vitruvii de architectura libri decem”, edited by Valentin Rose, Leipzig,
1899; §, Appendicula codicum Vitruvii (Harleiani, Leidensis
(Escorialensis), Scletstatensis))
We can observe that the “Marmoris albi aridum pulverem” mentioned
in both the recipes can be related with the massive and intentional
presence of calcite in all the analysed bonding mortars. All the texts
referring to mixtures for the bonding of stones (lithocollon, petrae gluten)
provide for the use of marble powder without any exception. Secondly,
the marble is always mixed with more adhesive substances and never
blended with only one substance.
The presence of calcite in the mixture can be due to both functional
motivations: the calcite has the same composition, colour and physicomechanical behaviour of the stones to be repaired, and it is easily
available in a building site. Moreover, the use of calcite allowed to
produce a mosaic oriented texture, able to ensure a good adherence to
the contact surfaces, even if they had irregular shape. Finally, thanks to
the ancient assimilation between welding and adhesive, calcite was
believed to be perfectly suitable for marble, because calcite participates
in the nature of the marble pieces to be joined.

4. Discussion
The samples from Hierapolis discussed in this paper represent so far
the most conspicuous number of ancient bonding mortars taken from
monumental architectures of the Roman world. An integrated examination of archaeological data, literary testimonies and archaeometric results allows us to advance some remarks: 1) on the ingredients
mentioned in the ancient recipes and their combinations for the preparation of binders for stone, 2) on the concrete strategies of their use.
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5. Conclusion
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Thanks to the good state of conservation of the materials, this paper
oﬀers the unique opportunity for studying the role of organic additives
used in the ancient bonding mortars and understanding the technologies adopted in the architectural restoration in Hierapolis of Phrygia
(Denizli, Turkey). The knowledge on the use of these mortars is limited,
due to the shortness and indeﬁniteness of the ancient recipes and the
diﬃculty of obtaining and analyzing samples from blocks that have
remained exposed to atmospheric agents and have undergone degradation. The good state of conservation of samples allowed to identify
organic and inorganic components.
The use of simple mixtures, in which only one organic ingredient is
added to the mortar, does not constitute a common practice: for example, binders with beeswax, resin or animal glue alone, as it seems
indicated by the Historia animalium III, 10, 5, Hesychius (sv. Κόλλεα)
and Pliny (H.N., 33, 30, resina plumbo et marmori “resin is for lead and
marble”), are not found. On the contrary, the common practice was the
combining of many ingredients in more or less complex mixtures, up to
four diﬀerent organic components, according to the prescriptions of the
Compositiones.
The research on ancient bonding mortars could be further developed. In particular, promising appears an approach based on the
methods and protocols of the experimental archaeology in order to
recreate, according to the ancient recipes, the described glues. This
experimental process will allow us to evaluate both the properties of the
adhesives and their chemical-physical characteristics but above all will
oﬀer important contributions to the knowledge of the ancient building
practices, using a multi analytical approach.
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